r In the present study, we investigated whether hypoxia during late pregnancy impairs kidney development in mouse offspring, and also whether this has long-lasting consequences affecting kidney function in adulthood.
Introduction
The fetal kidney is highly susceptible to gestational stressors, including malnutrition, glucocorticoid exposure and hypoxia. Reduced glomerular number is a common outcome of a suboptimal intrauterine environment (Hinchliffe et al. 1991) , which compromises functional renal capacity and increases vulnerability to hypertension and kidney disease in both humans (Brenner et al. 1988; Brenner & Mackenzie, 1997; Hughson et al. 2003; Keller et al. 2003) and animals (Cullen-McEwen et al. 2012) . However, nephron deficits alone do not always result in disease and, often, a secondary insult is required for dysfunction to emerge (Dorey et al. 2014) . Fluid and electrolyte balance is maintained by a fine interplay between glomerular filtration and sodium/water reabsorption in the renal tubules. As such, alterations to tubular structure and function can have a profound impact on body fluid homeostasis. Surprisingly, tubule development has not been investigated in any model of prenatal insult. It is highly probable that disruptions to renal tubule development, in conjunction with reduced nephron number, contribute to kidney disease risk in adult life.
Unlike nephrogenesis, which is complete before birth in humans, renal tubular maturation persists for up to 2 years into postnatal life (Poláček et al. 1965) to support functional requirements of the neonatal kidney (Walton et al. 2016a) . Surprisingly, there has been no systematic analysis of the growth of the renal medullary/papillary lobes in the human infant, and most information can be drawn from a limited number of rodent studies. At birth in the rodent, the renal papilla is underdeveloped; rapid elongation occurs during the first 2 months of life by extension of medullary/papillary tubules (Wilkinson et al. 2012; Walton et al. 2016a) . Establishment of an osmotic gradient from the cortico-medullary boundary to the papillary tip by countercurrent multiplication allows full urine concentration capacity, which is achieved 12 months after birth in humans (Atiyeh et al. 1996; Layton et al. 2009 ). All filtration units of the nephron drain through the collecting ducts of the papillary lobe(s), which are responsible for the final control of water excretion and therefore the urine concentration. In children, a reduced urine concentrating capacity is strongly associated with reduced glomerular filtration rate and tubular function (Nieto et al. 2008) . Structural deficits as a result of a perturbed fetal kidney development probably also contribute to functional impairments.
Intrauterine hypoxia is one of the most common insults to the developing fetus with a wide aetiology, including placental insufficiency, pre-eclampsia and living at high altitude. Fetal hypoxia reduces renal blood flow, increasing blood flow and maintaining an adequate oxygen delivery to the heart, brain and adrenals (Giussani, 2016) . In vivo models of maternal hypoxia result in offspring with a range of renal phenotypes dependent upon the timing and severity of insult. Severe, acute hypoxia during early gestation (5.5-7.5% O 2 for 8 h, 9.5-10.5 days post coitum) results in duplex kidneys in mouse offspring, similar to patients with congenital anomalies of the kidney and urinary tract (Wilkinson et al. 2015) . Moderate hypoxia during mid-gestation (12% O 2 for 48 h, 12.5-14.5 days post coitum) was shown to permanently reduce nephron number but not cause overt congenital abnormalities (Wilkinson et al. 2015) , although functional outcomes were not described. Gestational hypoxia is also associated with abnormalities in renal medulla patterning. Placental insufficiency as a result of genetic loss of placental Cited1 expression led to reduced renal oxygenation and medullary dysplasia (Sparrow et al. 2009 ). In adulthood, Cited1 mutant mice had deficits in urine concentrating capacity, which may confer an increased risk of renal disease. Similarly, placental insufficiency leading to reduced medullary vascularization in Crim1 mutant mice (Crim1 KST264/KST264 ) was associated with defects in papillary elongation (Phua et al. 2016) . The processes regulating postnatal kidney growth are not well characterized. It is well known that retinoic acid (the active metabolite of vitamin A), its receptors and their target genes are crucial for the process of nephrogenesis Moreau et al. 1998; Niederreither et al. 2002) . More recently, RARElacZ transgenic mice, which directly report endogenous retinoic acid activity, have been used to show that retinoic acid activity is restricted to the collecting duct epithelial cells until ß3 weeks of age (Wong et al. 2011) . Given this temporal and spatial expression of retinoic acid activity, it probably has a functional role during postnatal development of the renal medulla.
We have described adverse outcomes on renal and cardiovascular function in a mouse model of moderate, late-gestational hypoxia [12% O 2 for 5 days, embryonic day (E) 14.5 to birth] (Cuffe et al. 2014a; Cuffe et al. 2014b; Walton et al. 2016b; Walton et al. 2017) . By contrast to many rodent models, this level and duration of hypoxia does not affect maternal food and water consumption (Cuffe et al. 2014a ). Offspring exposed to hypoxia were growth-restricted but, intriguingly, a nephron deficit was only detected in adult males but not females. At 12 months of age, these male offspring were hypertensive with marked signs of kidney disease, including albuminuria, glomerulosclerosis and interstitial fibrosis. Female offspring also developed hypertension in adulthood in the absence of an overt nephron deficit. To investigate the disease risk factors imposed by prenatal hypoxia, we examined the morphology and functional maturation of renal tubule structures, particularly the collecting duct system, with the use of the RARElacZ reporter mouse. We hypothesized that hypoxia during late gestation would impair postnatal tubular maturation, leading to an increased susceptibility to renal dysfunction in adulthood.
Methods

Ethical approval
All experiments were approved by the University of Queensland Animal Ethics Committee (AEC numbers 496/12 and 352/16) and were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. The authors have read and the experiments also comply with the policies and regulations of The Journal of Physiology (Grundy, 2015) .
Maternal hypoxia. All mice were sourced from our Institutional Breeding Facility (University of Queensland Biological Resources, St Lucia, QLD, Australia) and had access to food and water ad libitum throughout the study. Pregnant CD1 mice were either housed under normoxic room conditions (n = 31; 21% oxygen) or in a hypoxia chamber (n = 33; 12% oxygen) from E14.5 until birth (P0) as described previously (Cuffe et al. 2014a; Walton et al. 2017) . Offspring were subsequently housed under normoxic room conditions with their mothers until weaning at P21.
Assessment of maternal S pO 2 . Peripheral capillary oxygen saturation (S pO 2 ) was measured using a pulse oximeter contained within a collar sensor, designed for measurements on conscious mice (Mouse Ox system; STARR Life Sciences, Philadelphia, PA, USA). Average S pO 2 measurements were collected for 10 min prior to housing in the chamber at E14.5, 10 min after housing in chamber for 1 h at E14.5 and again at E18.5 (n = 3).
Tissue collection in postnatal offspring. Offspring were culled at P0 (control: n = 2 offspring from 8 litters per group; hypoxia: n = 2 offspring from 10 litters per group) and P7 (control: n = 2 offspring from 8 litters per group; hypoxia: n = 2 offspring from 10 litters per group) by decapitation, and P14 (n = 2 offspring from 9 litters per group) and P21 (n = 2 offspring from 11 litters per group) by CO 2 inhalation (2 L min -1 ). Kidneys were removed, decapsulated and snap frozen in liquid nitrogen or immersion fixed in 4% paraformaldehyde. Fixed kidneys were processed into OCT or paraffin and exhaustively sectioned at 5 μm. Body and kidney weights from P0 to P21 were taken as the litter average. Offspring remaining from the cohort culled at P21 were aged until 12 months for functional analyses.
RARE-lacZ mice. RARE-lacZ transgenic mice were maintained on a CD1 background and heterozygous males were time-mated to CD1 females (n = 3 females per group). Mice were then subjected to 12% oxygen or normal room conditions, as described above, from E14.5 to birth. A subset of offspring was culled at P7 by decapitation. The left dissected kidney was fixed in glutaraldehyde for 1 h, cryoprotected in 30% sucrose and embedded in OCT. Sections were cut at 5 μm, and stained for 4 h in standard X-gal staining solution (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM magnesium chloride, 0.01% sodium deoxycholate, 0.02% NP-40 and 1 mg mL -1 X-Gal) at 37°C for 2-4 h. Slides were counterstained with nuclear fast red or subjected to further immunohistochemical staining for aquaporin (AQP)2 as described below.
J Physiol 596.23 duct) from control and hypoxia-exposed offspring at P21 at 12 months of age were estimated using our recently-described design-based stereological method (Walton et al. 2016a) . In brief, 10 evenly spaced sections were systematically sampled across the kidney and immunohistochemically stained with AQP1 to mark the proximal tubules and thin descending limb of Henle (1 μg mL -1 ; AB2219; Millipore, Billerica, MA, USA), AQP2 to mark the collecting ducts (1 μg mL -1 ; AB3274; Millipore) or Tamm-Horsfall glycoprotein to mark the distal tubules (1 μg mL -1 ; AB733; Millipore). The cycloid arcs test system was used to estimate renal tubule lengths as described previously (Walton et al. 2016a ). Slides were viewed on an Axiplan 2 light microscope (Carl Zeiss, Oberkochen, Germany) and stereological analysis of tubule lengths was carried out using the cycloid arc test system within Stereo Investigator software (MBF Bioscience, Williston, VT, USA).
Morphometry and pathology of postnatal kidneys.
Median transverse sections from kidneys were stained with periodic acid-Schiff (PAS) to assess tubular morphology by a researcher who was blinded to treatment groups. The width of the cortex was measured in midline kidney sections at all ages. The cortex thickness was defined as the area superficial to the arcuate arteries and containing predominantly proximal tubules, distal tubules and glomeruli. The medulla region was defined as the distance from the border of the cortex to the papillary tip.
Single labelling with immunohistochemistry. Kidney sections from offspring at P21 and 12 months of age were dewaxed and rehydrated in xylene and a series of ethanol washes. Endogenous peroxidase activity was blocked using 0.9% H 2 O 2 in distilled water for 30 min. Non-specific binding was blocked using 2% BSA in 10% serum in phosphate buffer (PB) for 1 h. Sequential sections were incubated with anti-goat AQP2 (1 μg mL -1 ; sc-9882; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-rabbit V-ATPase (1 μg mL -1 ; sc-20943; Santa Cruz Biotechnology) at room temperature for 1 h in a sealed, humidified chamber. Slides were washed in PB and incubated with a biotinylated secondary antibody for 30 min. Following PB washes, slides were incubated in avidin/biotin ABC enzyme complex (Vecta-Stain Elite ABC Reagent, PK-6101 or PK-6106; Vector Laboratories, Inc., Burlingame, CA, USA) for 30 min. Slides were then washed in PB. Colour was developed with ImmPACT 3,3 -diaminobenzidine (DAB) peroxidase substrate solution (SK-4805; Vector Laboratories). Slides were counterstained in Mayer's haematoxylin for 30 s, blued in Scott's tap water and mounted. Double labelling with immunofluorescence. Sections from kidneys collected at P7 and P21 were blocked using 10% serum in PBS for 1 h at room temperature, followed by incubation with anti-goat AQP2 (1 μg mL -1 ; sc-9882; Santa Cruz Biotechnology) and anti-rabbit V-ATPase (1 μg mL -1 ; sc-20943; Santa Cruz Biotechnology) for 1 h at room temperature. Slides were incubated with Alexa Fluor 488 goat anti-rabbit (dilution 1:400; #A11011; Life Technologies, Eugene, OR, USA) and Alexa Fluor 555 donkey anti-goat (dilution 1:400, #A21432; Life Technologies, Eugene, OR, USA) for 1 h at room temperature and counterstained with 4 ,6-diamidino-2-phenylindole for 3 min. Sections were visualized using a BX61 fluorescence microscope (Olympus, Tokyo, Japan).
Quantification of collecting duct composition. Twenty to 30 fields of view (40× magnification) within the renal cortex and medulla were selected systematically and randomly from three to five non-sequential sections per kidney. The renal papilla tip was excluded from the counting process. To quantify the number of principal and intercalated cells in the cortical collecting duct and medullary collecting duct, the number of cells that exhibited immunoreactivity for AQP2 and V-ATPase was counted and expressed as a percentage of the total number of cells in the tubule segments. One hundred to 250 cells were counted per kidney and the location within the cortex or medulla was noted. The percentage of positive staining for AQP2 was assessed in one midline, transverse section per kidney using Aperio ImageScope (Leica).
Quantitative real-time PCR. RNA was extracted from kidneys at P7 and P21 using the RNeasy minikit (Qiagen, Chadstone Centre, VIC, Australia). All RNA was treated with deoxyribonuclease 1 and assessed for purity (260/280 and 260/230 ratios) and yield using a NanoDrop (ThermoFisher, Waltham, MA, USA) spectrophotometer. Then, 1 μg of RNA was reverse transcribed into cDNA (iScript; Bio-Rad, Gladesville, NSW, Australia). Amplification was performed using SBYBR Green PCR Mastermix (Applied Biosystems, Scoresby, VIC, Australia) in a 10 μL reaction volume containing 25 ng of cDNA and 10 pmol of each primer, or using Taqman reagents as described previously (Cuffe et al. 2014a) . All assays were performed in duplicate. PCR primer sequences and accession codes are provided in Table 1 . The comparative cycle threshold method was used for all expression assays using the ß-actin endogenous control. Statistical analysis identified that β-actin expression was stable across treatment groups. mRNA levels were normalized to the mean of the control male group.
Basal metabolic cage urine collection. Offspring at 2, 4 and 12 months of age (male: n = 7-11 per treatment group; 
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Mm00442776 m1 female: n = 5-10 per treatment group) were acclimatized to individual metabolic cages two days prior to collection. Animals were then placed in individual metabolic cages for 24 h, with food and water consumption, body weight change and urine flow being recorded over 24 h. Urine samples were collected stored at −20°C for further analysis.
Water deprivation challenge. One week following initial basal urine collection, offspring at 4 and 12 months of age were subject to a 24 h water deprivation challenge in the metabolic cages. At 16.00 h, animals were placed in individual cages without access to water. Food was provided ad libitum. Food intake, body weight change and urine output were recorded. Urine samples were stored at −20°C for further analysis. Following the 24 h challenge, offspring were returned to their home cages, immediately offered water and their body weight monitored daily over the subsequent week. Animals were then culled by cervical dislocation and kidneys collected, as described above.
Urinalysis. Urinary sodium, chloride and potassium concentrations were measured for all urine samples by potentiometry using a Cobas Integra 400 Plus (Roche, Basel, Switzerland). Urine osmolality was assessed by freezing point depression using a Micro-Osmette osmometer (Precision Systems, Natick, MA, USA).
Statistical analysis.
All values are expressed as the mean ± SEM and analysed using Prism (GraphPad, La Jolla, CA, USA) or SPSS (IBM Corp., Armonk, NY, USA). Maternal S pO 2 was analysed by one-way ANOVA. Multivariate analysis of variance (MANOVA) was conducted with the main effects being prenatal treatment, sex, and age or renal tubule type. For renal tubule lengths and renal function, there were significant effects of prenatal hypoxia, as well as interactions with sex. Therefore, data for males and females were analysed separately by two-way ANOVA with treatment and age as factors, and Sidak post hoc tests were used when appropriate. Kidney structure analyses were conducted by two-way ANOVA with treatment and kidney region, cell type or sex as factors. Student's t tests were used when comparing two groups. All data were tested for homogeneity of variance using Bartlett's test; if data showed heterogeneity of variance, data were analysed by non-parametric means. Gene expression data were analysed by multiple t tests with a Bonferroni correction for multiple comparisons. A Pearson correlation coefficient was computed to assess the relationship between collecting duct cell composition and urine concentration capacity. P < 0.05 was considered statistically significant.
Results
Prenatal hypoxia reduces maternal arterial oxygen saturation (S pO2 )
To investigate the effect of hypoxia during late gestation, pregnant dams were continuously housed in a hypoxia J Physiol 596.23 chamber at 12% O 2 from E14.5 until birth (E19.5). Maternal S pO 2 under normal room conditions was 98.7% but decreased to 77.8% in the hypoxia chamber at E14.5 (Fig. 1A ). Maternal S pO 2 remained at this reduced level at E18.5.
Prenatal hypoxia alters postnatal maturation of the renal tubules and collecting duct system in male offspring
We next examined the growth of the kidney during early postnatal life. We have previously reported that
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E18.5 , following 1 h of hypoxia (12% O 2 , E14.5) and after 4 days of habitation in the chamber (12% O 2 , E18.5). Body weight (g) of male (B) and female (C) offspring from P0 to P21 (n = 2 offspring from 6-10 litters per group). Kidney weight (mg) of male (D) and female (E) offspring from P0 to P21 (n = 2 offspring from 6-11 litters per group). Kidney weight (mg) normalized to body weight (g) of male (F) and female (G) offspring from P0 to P21 (n = 2 offspring from 6-11 litters per group). Different lowercase letters between groups in (A) indicate statistical significance via one-way ANOVA (P < 0.05) (n = 3). B-G, data analysed via two-way ANOVA, * P < 0.05, * * P < 0.01 by a Sidak post hoc test.
hypoxia-exposed offspring are growth restricted at birth and throughout weaning, with male hypoxia-exposed offspring displaying a 25% deficit of nephrons compared to control males (Walton et al. 2017) . In the present study, we show that body weight (Fig. 1B ) and kidney mass ( Fig. 1D ) was reduced during the lactation period in hypoxia-exposed male offspring, although post hoc analysis demonstrated that this difference emerged at day 14. Kidney weight normalized to body weight at P14 was significantly reduced in hypoxia-exposed males compared to controls (Fig. 1F ), suggesting that a slowed renal growth occurs predominantly between days 7 and 14. By contrast, although female hypoxia-exposed offspring were growth-restricted at birth until P21 (Fig. 1C) , kidneys of hypoxia-exposed female offspring were the same weight as kidneys of control females from birth until P21 ( Fig. 1E and G). MANOVA revealed no statistically significant differerences in body or kidney weights between males and females from P0 to P21. At weaning (P21), the proportion of renal cortex to renal medulla was significantly increased in kidneys from male hypoxia-exposed offspring compared to controls ( Fig. 2A) . To further investigate this phenomenon, unbiased design-based stereology (Walton et al. 2016a ) was used to assess tubular lengths in P21 kidneys. Kidneys of male hypoxia-exposed offspring had an increase in total length of the proximal tubule (Fig. 2B) , comprising the predominant cortical tubule. Conversely, there was a trend towards decreased collecting duct length (Fig. 2B ) in hypoxia-exposed males. By contrast to males, no differences in the proportion of cortex to medulla (Fig. 2C) or lengths of the proximal tubule, thin descending limb of Henle, distal tubule or collecting duct were observed between control and hypoxia-exposed female offspring at P21 (Fig. 2D) . MANOVA revealed that the lengths of proximal and distal tubules were not different between males and females; however, male offspring overall had significantly longer lengths of the thin descending limb of Henle (P = 0.01) and collecting ducts (P < 0.0001) compared to females. Furthermore, kidneys of male offspring had a significantly greater proportion of renal cortex to renal medulla length compared to females (P sex = 0.01 by two-way ANOVA).
Next, we examined the maturation of the collecting duct system in male offspring based on immunohistochemistry staining for AQP2, the vasopressin-regulated water-channel protein ( Fig. 2E  and H) . The proportion of renal tissue positively stained with AQP2 was reduced in hypoxia-exposed males (Fig. 2F) , reflecting the decrease in collecting duct density. Intense AQP2 expression was concentrated on the apical surface of the collecting duct epithelial cells in the male hypoxia-exposed offspring kidneys at P21. By contrast, kidneys from control offspring at P21 showed more basal AQP2 expression in collecting duct cells (Fig. 2H ).
Relative Aqp2 mRNA expression was increased by 3-fold in the male hypoxia-exposed kidneys compared to controls (Fig. 2G) . Neither the total number of cells within individual collecting ducts (Fig. 2I) , nor the proportion of intercalated cells (V-ATPase) compared to principle cells (AQP2) (Fig. 2J ) was different between control and hypoxia-exposed males. By contrast, the proportion of tissue stained for AQP2 in P21 female kidneys was similar between treatment groups (control: 16.5 ± 4.0%; hypoxia: 15.0 ± 2.0%, P = 0.8). This was not surprising given that kidney weight and glomerular number did not differ between control and hypoxia-exposed female offspring at P21 (Walton et al. 2017) . Our findings indicate that the female kidney is more resilient than the male with respect to in utero hypoxic perturbation.
Aged male offspring exposed to prenatal hypoxia develop a urine concentrating defect
Given that the collecting ducts within the renal medulla and papilla are the final site of water reabsorption in the kidney, we hypothesized that hypoxia-exposed male offspring may eventually have deficits in fluid homeostasis when the compensatory mechanism of the kidney fails. Urine osmolality was significantly reduced in both control male and female offspring at 12 months of age compared to 2 months ( Fig. 3A and B) , suggesting a declining urine concentrating capacity with age. However, post hoc analysis showed that urine osmolality was reduced by ß40% in hypoxia-exposed male offspring compared to controls at 4 months of age, suggesting the age-related decline in urine concentrating capacity occurred earlier in male offspring (Fig. 3A) .
We then examined the ability of the kidney to respond to a water deprivation challenge at 4 and 12 months of age. Male controls were able to decrease urine flow by ß50% (Fig. 3I ) and increase urine osmolality (Fig. 3E) over the 24 h water deprivation period at 4 and 12 months of age. At 4 months of age, male hypoxia-exposed offspring did not increase urine osmolality to the same extent as controls when under water deprivation conditions (Fig. 3E) . At 12 months of age, a subset of hypoxia-exposed male offspring increased urine flow under water deprivation conditions, leading to an overall difference to controls (P = 0.05) (Fig. 3G and I ). Urine flow reduction over the 24 h period correlated with increasing urine osmolality ( Fig. 3G and I ) in male and female offspring at 12 months of age. No differences in urine flow reduction ( Fig. 3H and J) or urine osmolality ( Fig. 3D and F ) in response to 24 h water deprivation was observed between control and hypoxia-exposed offspring at 4 and 12 months of age in female offspring. Food consumption did not differ between control and hypoxia-exposed males at 4 months (control: 1.1 g ± 0.4 g, hypoxia : 1.2 g ± 0. or 12 months of age (control: 0.7 g ± 0.1 g, hypoxia: 0.7 g ± 0.2 g) throughout the water deprivation challenge. Similary, food consumption in female offspring was not different between treatment groups under water deprivation conditions at 4 months (control: 1.4 g ± 0.3 g, hypoxia: 1.1 g ± 0.3 g) or 12 months of age (control: 1.0 g ± 0.3 g, hypoxia: 0.8 g ± 0.2 g).
Correlation between urine concentration capacity and collecting duct composition in male offspring
Given the differences in both function and structure were specific to males, we went on to examine the correlation between urine concentration capacity and the structure of the renal medulla in males only. Kidney mass ( Fig. 4A and D) and the proportion of cortex to medulla ( Fig. 4B and E) did not differ between treatment groups at 2 and 4 months of age, indicating that catch up growth of the kidneys occurred after weaning in males exposed to prenatal hypoxia. Furthermore, this result suggests that gross structural abnormalities, such as medullary hypoplasia, did not contribute to the concentrating deficit. Microscopically, mild dilatation of the collecting ducts was evident in the renal papilla of hypoxia-exposed males at 4 months of age ( Fig. 4F ) but not at 2 months of age (Fig. 4C) . Medullary structure was examined in male kidneys at 12 months of age, at which point offspring are hypertensive, with albuminuria, glomerulosclerosis and fibrosis (Walton et al. 2017) . Midline transverse sections of the adult male kidneys stained for AQP2 can be observed in Fig. 5A . Clear atrophy of the renal papilla was observed in six of the ten hypoxia-exposed kidneys examined (Fig. 5A) ; no papillary atrophy was observed in any of the control kidneys. The cortex to medulla ratio (Fig. 5B) , collecting duct length (Fig. 5C ) and proximal tubule length (Fig. 5D) were no longer different between control and hypoxia-exposed males. Similarly to P21, lengths of the thin descending limb of Henle were similar between groups at 12 months of age (Fig. 5E) .
Immunohistochemistry revealed that AQP2 expression was decreased (Fig. 3F and G) and also more diffusely distributed in the collecting duct cytoplasm in kidneys from hypoxia-exposed animals compared to controls at 12 months of age (Fig. 5G) . Discernible tubular dilatation appeared in the renal papilla of most male hypoxia-exposed offspring at 12 months ( Fig. 3G and  H) . Intense V-ATPase staining was observed in cortical collecting ducts from a subset of hypoxia-exposed kidneys, with a greater proportion of cortical collecting duct cells staining for V-ATPase compared to AQP2 (Fig. 5G) . The renal cortical collecting duct consisted of ß73.67% principal cells (AQP2-positive) and 26.32% intercalated cells (V-ATPase-positive) in control male animals at 12 months of age (Fig. 5I) . However, there was a reduction in the proportion of principal cells and an increase in intercalated cells in the cortical collecting duct of kidneys from hypoxia-exposed males (percentage principal cells: 58.46 ± 8.25 principal cells; percentage intercalated cells: 41.54 ± 8.25 intercalated cells; P < 0.05) (Fig. 3I) . Notably, there was much greater variation within this group compared to controls, with half of the samples presenting a greater proportion of V-ATPase-expressing intercalated cells compared to AQP2-expressing principal cells. Fewer intercalated cells were present in medullary collecting ducts compared to cortical collecting ducts in control (percentage principal cells: 89.47 ± 2.81; percentage intercalated cells: 10.54 ± 2.81) and hypoxia-exposed kidneys (percentage principal cells: 82.89 ± 4.11; percentage intercalated cells: 17.11 ± 4.11) (Fig. 5I ).
Pearson's correlation coefficient was used to determine whether the impaired urine concentration ability of the hypoxia-exposed offspring might be associated with an altered cellular composition in the renal collecting duct. Overall, there was a strong, negative correlation between the percentage of AQP2-expressing cells in the cortical collecting duct and urine concentrating ability (r = −0.872, n = 15, P < 0.0001, with r 2 = 0.785) (Fig. 5J) . Similarly, the percentage of AQP2-expressing cells in the medullary collecting duct correlated with urine concentrating ability (r = −0.897, n = 15, P = 0.0001, with r 2 = 0.690) (Fig. 5K) . We also examined kidney sections from female offspring at 12 months of age and observed Figure 3. Age-related decline in urine concentrating capacity in male hypoxia-exposed offspring no differences in staining for AQP2 (control: 5.2 ± 1.2%; hypoxia: 5.9 ± 1.2%, P = 0.7)
Reduced Wnt and retinoic acid signalling in kidneys of juvenile males exposed to prenatal hypoxia
Having identified a defect in renal medulla function and structure in adult males, we re-examined the kidneys of offspring at P7 (the timepoint at which kidney growth began to slow in hypoxia-exposed males) to determine the contributing developmental pathways. Quantitative RT-PCR analysis showed a significant reduction in Ctnnb1 expression in kidneys at P7 (Fig. 6A) To examine this further, pregnant dams of a transgenic RARE-lacZ reporter line of mice were housed in the hypoxia chamber from E14.5 to birth and male offspring were examined at P7. Kidneys of the RARElacZ line offspring exposed to hypoxia showed reduced β-galactosidase activity ( Fig. 3B  and D) , indicating a lower than normal level of retinoic acid-directed transcriptional activation at that timepoint. Dual staining of LacZ and AQP2 IHC revealed that retinoic acid activity was restricted to the collecting duct as described previously (Wong et al. 2011) , although not every collecting duct was RA-positive ( Fig. 3C and  E) . Quantification revealed the proportion of collecting ducts positive for RA was similar between control and hypoxia-exposed offspring (Fig. 6C) .
To assess the maturation of the collecting ducts at this timepoint, we investigated the expression of AQP2
Urine osmolality (mOsm kg -1 H 2 O) measured in male (A) and female (B) mice given free access to food and water (basal) over a 24 h period at 2, 4 and 12 months of age. Response to a 24 h water deprivation challenge: urine osmolality (mOsm kg -1 H 2 O) in male (C) and female (D) mice, urine osmolality expressed as percentage change in osmolality (mOsm kg -1 H 2 O) from a basal to water-deprived state in male (E) and female (F) offspring, urine flow (mL per 24 h) in male (G) and female (H) offspring and urine flow (mL per 24 h) from a basal to water-deprived state in male (I) and female (J) offspring. Correlation analysis between the ability to reduce urine flow and urine osmolality during a 24 h water deprivation challenge in male (K) and female (L) offspring at 12 months of age. Control: open points; hypoxia: closed points. Values are the mean ± SEM. n = 1 offspring from 6-11 litters per group. All data analysed via two-way ANOVA ( * P < 0.05 by a Sidak post hoc test, # P = 0.05 by a paired t test), except (I), which was analysed by paired t tests ( * P = 0.05) and V-ATPase in these mice using immunofluorescence staining (Fig. 6F ). There was a tendency for a reduced collecting duct cell number in the inner medulla (Fig. 6G ) of hypoxia-exposed male offspring. However, both control and hypoxia-exposed offspring presented a typical salt-and-pepper distribution of principal and intercalated cells within the collecting duct (Fig. 6F) . Quantification revealed no differences in the relative percentages of the cell types between control and hypoxia-exposed kidneys in the renal cortex (Fig. 6H) . Similarly, analysis of the inner medulla showed no differences in collecting duct composition between control and hypoxia-exposed kidneys (Fig. 6H) .
Discussion
The present study provides compelling evidence to show that prenatal hypoxia throughout late gestation affects the length, cellular identity and hence function of the collecting ducts of male offspring. These tubular alterations occurred in conjunction with a permanent reduction in nephron endowment. The altered maturation of the collecting duct system accelerated an age-related decline in the urine concentrating capacity in male offspring exposed to hypoxia, and this was correlated with a reduced expression of AQP2 and a decrease in the number of principal cells. This is the first study to provide direct evidence showing that a common gestational stressor can disrupt postnatal development of the renal tubules and collecting ducts. Importantly, we highlight that sex strongly influences postnatal development and long-term outcomes and thus should be considered as an important factor in the context of the developmental studies. Nephron number is an important indicator of disrupted kidney development and the risk of hypertension. However, the implications of a gestational stressor extend beyond disrupted nephrogenesis to perturbed tubulogenesis. The renal tubular system, including the renal medulla/papilla, undergoes dramatic remodelling well into the postnatal period in rodents (Wilkinson et al. 2012; Walton et al. 2016a) . To date, structural analyses of the renal medulla in infants are lacking; similar structural changes probably occur to support increased functional requirements, particularly an increased capacity to concentrate urine (Poláček et al. 1965) . Abnormalities in urine concentrating capacity and acid/base homeostasis are seen in infants with intrauterine growth restriction (Robinson et al. 1990) , indicating a potential deficit in medullary structure and function. We thus considered whether prenatal hypoxia would disrupt postnatal medullary development. In the mouse, the medulla is morphologically identifiable in late gestation (E15.5) (Cebrian et al. 2004) , which lies within the duration of the hypoxic insult in the present study. Genetic activation of hypoxia signalling in renal stromal progenitors shows a significant impairment of tubular maturation (Gerl et al. 2017 ) and mice deficient in Cited1 have renal medullary dysplasia as a result of placental insufficiency (Sparrow et al. 2009) . Similarly, transient mid-gestational hypoxia in the mouse caused a permanent reduction in ureteric branching of the developing kidney (Wilkinson et al. 2015) partly as a result of aberrant Wnt/β-catenin activity, which is critical for the processes of uretic bud branching morphogenesis, medulla formation and renal tubule elongation. In this model of late gestation hypoxia, Wnt/β-catenin signalling, namely Ctnnb1 and a tendency for Wnt7b and Wnt11, was suppressed at P7. A deficiency of Wnt7b (Yu et al. 2009) or Wnt11 (Nagy et al. 2016 ) disrupts development of the kidney medullary tubular architecture, resulting in a compromised urine concentrating capacity. Therefore, deficits in Wnt/β-catenin signalling following hypoxia strongly suggest the existence of an underlying mechanism for perturbed medullary development and function in these offspring. Although the exact role of retinoic acid signalling in postnatal kidney is yet to be determined, its specific activity in principal cells and intercalated cells of the collecting duct system after birth (Wong et al. 2011 ) strongly suggests the involvement of endogenous retinoic acid in medullary patterning. In the present study, retinoic acid activity was diminished in hypoxia-exposed offspring at P7, and this was associated with renal tubular abnormalities. The requirement for retinoic acid in the developing embryonic kidney has been observed in both in vivo studies Vilar et al. 1996) , as well as in vitro, with maternal vitamin A deficiency leading to a permanent reduction in nephron endowment in rat offspring . A single bolus dose of retinoic acid during mid-gestation was found to restore the nephron deficit in rat offspring exposed to maternal protein restriction (Makrakis et al. 2007) , further highlighting the importance of appropriate retinoic acid activity in kidney development. However, the implications of retinoic acid deficiency in early postnatal life are not as well understood. Newborn male rats fed a vitamin A-deficient diet showed marked glomerular abnormalities (Marín et al. 2005) , although the maturation of the renal tubules and collecting ducts was not examined. Similarly, attempts to administer retinoic acid to baboons born pre-term (which leads to reduced nephron number) showed that the therapy did not stimulate nephrogenesis, although, again, only glomerular development was considered (Sutherland et al. 2009 ). Thus, whether the reduction in retinoic acid activity in male hypoxia-exposed mice simply reflects a reduced collecting duct surface area or has greater implications for the maturation of the collecting duct network remains to be clarified. Renin, another gene associated with postnatal medulla development (Jeong et al. 2009 ), tended to be reduced in kidneys of male hypoxia-exposed kidneys. Appropriate expression of the renin-angiotensin system (RAS) components is a requirement for renal medulla formation, where mutation of RAS genes or pharmacological blockade of the RAS leads to medullary dysplasia and deficits in fluid homeostasis (Gerl et al. 2017) . The expression of key vasculogenesis markers (Pecam, Acta2 and Vegfa) was not different. This may imply that there are no underlying deficits in the renal vasculature following intrauterine hypoxia, although we cannot J Physiol 596.23 discount possible subtle changes in vasa recta organization (as are critical for urine concentration in the medulla) arising following prenatal hypoxia.
Reduced renal mass at postnatal day 21 was associated with a reduced total length of the collecting duct network in male hypoxia-exposed offspring. Despite no differences in collecting duct cell composition, there was a marked increase in apical AQP2 expression in collecting duct epithelial cells. The expression level and distribution of AQP2 closely correlate with an increased urine concentrating capacity from infancy to adulthood (Yasui et al. 1996) . Increased apical AQP2 expression in the male offspring suggests hyper-activation and possibly accelerated maturation of the collecting duct. We hypothesize that this 'mature' phenotype of AQP2 expression may allow the maintenance of fluid and electrolyte homeostasis in the face of a reduced collecting duct surface area. Indeed, despite early-life disruption of renal growth, 2-month-old offspring maintained basal urine osmolality and no medullary hypoplasia was observed. All mice exhibited an age-related decline in urine concentrating capacity, as observed in humans (Rowe et al. 1976; Phillips et al. 1984) and animals (Bengele et al. 1981; Perucca et al. 2007 ). However, the further reduction in osmolality of 4-month-old male hypoxia-exposed offspring suggests an early-onset decline in the urine concentrating capacity in these animals. Age-related decline in urine concentration is multifactorial, as linked to progressive loss of functional glomeruli (Walton et al. 2017) , a reduced secretion of vasopressin (Tian et al. 2004) , an impaired cellular response to vasopressin (Beck & Yu, 1982; Corman et al. 1992 ) and reduced GFR (Levinsky et al. 1959) , indicating that hypoxia offspring are at increased risk of renal disease.
Although basal function was largely maintained, a subset of male hypoxia-exposed animals was unable to respond appropriately to a water deprivation challenge. This deficit bears striking similarity to the Cited1 mutant mice, in which a deficit emerged under water deprivation (Sparrow et al. 2009 ). We turned our attention to the cellular composition of the collecting duct of male offspring because this is the final site of water reabsorption in the kidney. We observed a reduced expression of AQP2, discernable tubular dilatation and disruption of the typical 'salt and pepper' distribution of the principal and intercalated cells within the collecting duct in kidneys from male hypoxia-exposed offspring. Because collecting duct cell composition was unaffected by hypoxia in juvenile mice, a loss of AQP2+ cells suggests that remodelling occurred between weaning and old age. Interestingly, tubular cells in the adult kidney are quiescent under normal conditions; however, postnatal remodelling of the collecting duct has been reported in nephrogenic diabetes insipidus (Kim et al. 2003; Christensen et al. 2006 ) and a decrease in principal cells leads to urine concentrating defects and sodium wasting in Notch mutants (Jeong et al. 2009 ). Furthermore, AQP2 is subject to a variety of post-translational modifications that affect cellular localization, activity and processing, and thus kidney function (Moeller et al. 2011) . In rats, the age-related decline in AQP2 protein and urine-concentrating capacity is not associated with a decrease in Aqp2 mRNA transcripts, suggesting significant post-transcriptional downregulation of AQP2 (Combet et al. 2008) . Vasopressin levels, which control the abundance of cell-surface expressed AQP2 via phosphorylation of AQP2, are also known to decline with ageing in humans (Tian et al. 2004) . Thus, future studies should aim to perform in-depth analyes of the vasopressin/V2 receptor pathway and post-transcriptional modification of the AQP2 protein to shed light on the altered AQP2 expression at P21 and the urine concentrating deficit that emerged with age in male hypoxia-exposed offspring. Of note, we found only a subset (ß50%) of male offspring exhibited renal deficits following prenatal hypoxia exposure. Future research should endeavour to better understand the differential outcomes following intrauterine insult.
Unlike males, female hypoxia-exposed offspring responded appropriately to water deprivation and showed no disruption to the collecting duct architecture. Sex-specific adaptations of the placenta mediate differences in fetal growth and survival (Clifton, 2010) , with males being at higher risk of neonatal morbidity and mortality (Clifton, 2010) . We have previously reported that placental adaptations in the regulation of vasculogenesis, glucocorticoid activity and nutrient transport were more evident in female fetuses exposed to chronic late-gestational hypoxia (Cuffe et al. 2014a; Cuffe et al. 2014b) , ensuring appropriate organ growth under hypoxic conditions. A recent study by Veiras et al. (2017b) showed that female rodents have a greater expression of heme oxygenase-1 (HO1) (an enzyme induced by pro-oxidant and inflammatory stimuli) compared to males. Because HO1 is considered to be protective against oxidative damage, higher expression of HO1 in females may confer an advantage against pathological hypoxia in this model. This 'female advantage' is seen in the human population, where age-related renal functional decline occurs to a lesser extent in women than men (Berg, 2006; Baylis, 2009) . The cardiorenal protective effects of oestrogens are assumed to protect females in the pre-menopausal period from cardiovascular and renal disease risk, in part by preserving nitric oxide bioavailablity to maintain endothelial function. Indeed, our previous studies have shown that hypertension, endothelial dysfunction and vascular remodelling were more severe in hypoxia-exposed male offspring compared to females (Walton et al. 2016b; Walton et al. 2017) . These deficits probably contributed to the progressive loss of functional nephrons (glomeruli and tubules) in ageing hypoxia-exposed males (Walton et al. 2017) . Recently, distinct differences in key transporter/channel expression between male and female rats (Veiras et al. 2017a ) have provided further evidence that renal fluid and electrolyte handling differ between the sexes. Future studies should aim to determine the underlying mechanisms of reno-protection in the embryonic female kidney, during the hypoxic insult, because it is currently unknown why females show no obvious signs of renal damage but still develop hypertension in late adulthood.
Conclusions
The present study provides compelling evidence showing that prenatal hypoxia has a long-lasting impact on postnatal development. Hypoxia disrupted collecting duct development during the early postnatal period, with altered patterning evident at 12 months of age. Although capable of maintaining basal fluid and electrolyte excretion, hypoxia-exposed male offspring displayed a compromised response to water deprivation. These data suggest that the kidney had adapted to a nephron deficit; however, a renal phenotype was unmasked when presented with a functional challenge. The underlying mechanisms may be related to hypoxia-induced suppression of Wnt/ß-catenin and retinoic acid signalling postnatally; future work should focus on the mechanisms mediating the outcomes following hypoxia and also on whether these outcomes are reversible through therapy. Our report highlights that the non-nephron compartments of the kidney should be considered in conjunction with the number of glomeruli in future studies. Furthermore, the present study has uncovered many unappreciated facets of kidney development within the context of an environmental perturbation, including postnatal maturation and the influence of sex.
